Growth suppression in Salmonella enterica serovar Hadar (S. Hadar) was investigated, in vitro under strict anaerobiosis and in vivo in the intestine of the day-old chicken. Stationary-phase cultures of 20 S. Hadar field strains were tested against each other for growth suppression activity by their ability to suppress the multiplication of low counts of minority cultures inoculated into them as nalidixic acid-resistant mutants. All strains showed profound growth suppression. Four S. Hadar strains were selected and further tested for their ability to suppress growth of S. Enteritidis, S. Typhimurium, S. Virchow and S. Saintpaul. One of the four strains (S. Hadar 18) was randomly selected for further studies. Precolonization of chicken with S. Hadar 18 prevented superinfection with any of the serovars mentioned above. From more than 1000 TnphoA mutants of S. Hadar 18 screened against the parent strain anaerobically in vitro, four were non-suppressive with TnphoA insertions in dapF, aroD, sgaT or tatA. Only the dapF mutant was also non-suppressive in the chicken intestine.
Introduction
Bacterial competition is one means by which colonization of host mucosae by pathogenic strains can be prevented. In order to understand the basis of such competition and to identify associated genes, in vitro bacterial culture experiments using isogenic strains are very useful. In such experiments, stationary-phase cultures of one strain may be inoculated with small numbers of an antibiotic-resistant but otherwise isogenic strain and the behavior of the minority culture monitored during further incubation. This has led to the recognition of Growth Non-Suppressive (GNS) [1^3] and Growth Advantage in Stationary-Phase (GASP) phenotypes [4] in Escherichia coli or Salmonella enterica serovar Typhimurium. The stationary-phase cultures of GNS bacteria are unable to inhibit multiplication and growth of the minority culture.
On the other hand, GASP bacteria are able to multiply in the stationary-phase culture of otherwise Growth Suppressive (GS) type bacteria. Studies carried out with Salmonella were focused primarily on two issues, (i) whether there is a dominant system controlling microbial interaction in stationary phase in Salmonella, and (ii) whether it might be possible to apply such knowledge by the incorporation of this phenotype into live attenuated vaccines.
So far, almost all of the studies on growth suppression in S. enterica have been done with serovar Typhimurium. This serovar is a useful model since it is one of the most frequently isolated serovars responsible for food poisoning in humans and enteritis in animals. However, in several countries, the incidence of S. enterica serovar Hadar (S. Hadar) has recently increased markedly. This serotype emerged in the 1970s in Europe [5, 6] and in Northern America [7] . Since the 1980s its prevalence has also increased in Japan [8, 9] . The proportion of S. Hadar strains isolated from humans and animals has also increased since the early 1990s in Hungary. Currently, it is one of the three most frequently isolated serovars in this country [10, 11] . Experimental infection of chickens with S. Hadar shows a somewhat di¡erent pattern from S. Typhimurium. S. Typhimurium is shed heavily in the feces for 1 or 2 weeks post infection followed by clearance of the bacterium. However, shedding of S. Hadar may remain at a relatively high level for several weeks [12] . The di¡erent length of time of shedding in chickens suggests that S. Hadar may be well adapted to prolonged colonization of the intestinal environment, as has been suggested for some other serotypes [13] . This may also explain why an increase in the incidence of S. Hadar has been observed in some countries, although this could also be due to bacterial competition between serovars of Salmonella, as discussed above. Therefore, we decided to characterize the growth suppression of selected S. Hadar strains in vitro and in vivo and have identi¢ed four genes involved in growth suppression. For in vitro studies we chose to use anaerobic conditions as being closer to the in vivo microenvironment than aerobic conditions.
Materials and methods

Bacterial strains and culture conditions
The strains used in this work are listed in Table 1 . S. enterica serotype Hadar strains were isolated from food samples of animal origin in Hungary between 1993 and 2000. Control strains of other serovars included S. Typhimurium F98 from P.A. Barrow, and S. Enteritidis, S. Saintpaul, and S. Virchow from the Hungarian Collection of Medical Bacteria. To facilitate the enumeration of bacteria in mixed cultures all the strains were marked by either nalidixic acid or spectinomycin resistance as speci¢ed in the text. Spontaneous chromosomal mutants resistant to either nalidixic acid (Nal R ) or spectinomycin (Spc R ) were isolated essentially as described by Smith and Tucker [14] . Brie£y, overnight Luria^Bertani (LB) cultures of Salmonella strains were inoculated onto plates of MacConkey agar containing 20 Wg ml 31 of sodium nalidixate or spectinomycin. Cultures prepared from colonies that grew on the plates were puri¢ed by replating and inoculated onto plates of MacConkey agar containing 50 Wg ml 31 of the appropriate antibiotic. After further puri¢cation by replating, resistant derivatives of the original wild-type strains were stored at 370 ‡C for future use. Bacterial strains were grown in 2 ml LB broth (Difco) in conventional 10 ml glass tubes for 24 h at 37 ‡C in an Anaerobic System (Model 1029, Forma Scienti¢c Inc., USA) ensuring strictly anaerobic conditions. Under these conditions, bacterial cultures entered stationary phase at a concentration of approx. 3U10 8 colony-forming units (CFU) ml 31 . Minority strains were diluted in phosphatebu¡ered saline (PBS) prior to inoculation into the majority culture. Phage-typing of S. Hadar strains has been done using the phage set of the National Center for Epidemiology, Budapest, Hungary (G.V. La ¤szlo ¤ , personal communication). S. Hadar TnphoA mutants (see below) were characterized biochemically using the API-System (BioMe ¤rieux, Inc., France).
In vitro growth suppression
Growth suppression experiments were carried out as described previously [15] . In short, stationary LB cultures of experimental strains (majority strains) were inoculated with stationary LB culture of indicator strain diluted in PBS to give 10 3^1 0 4 CFU ml 31 (minority strain). The indicator strain possessed a di¡erent antibiotic resistance marker from the experimental strain. Growth suppression ability of the investigated strain was tested by determining the growth of the indicator strain 1 day after inoculation, using serial dilutions and plating onto the agar plates containing the appropriate antibiotic. In vitro experiments were carried out under strict anaerobiosis (unless otherwise stated) in an attempt to model the in vivo conditions present in the gut. Growth suppression was ¢rst tested among S. Hadar strains. Stationary, 24-h-old LB cultures of nalidixic acid-sensitive S. Hadar cultures (majority cultures) were inoculated with minority, nalidixic acid-resistant strains at an inoculation density of 10 3^1 0 4 CFU ml 31 . Increase in counts of nalidixic acid-resistant minority strains was determined after 24 h further incubation at 37 ‡C by plating serial dilutions of the culture onto the surface of Brilliant green or Bromothymol blue agar plates containing 50 Wg ml 31 sodium nalidixate. In contrast to the wild-type parent strains (of which the MIC for nalidixic acid was 4 Wg ml 31 ), MIC values of their Nal R derivatives were 2 mg ml 31 . Inter-serovar growth suppression of selected S. Hadar wild-type strains was tested against the nalidixic acid-resistant S. Typhimurium F98, S. Enteritidis 10091, S. Virchow 10062, and S. Saintpaul 10021 strains using the standard growth suppression assay described above. All the in vitro growth suppression assays were repeated at least twice.
Identi¢cation of genes involved in S. Hadar growth suppression
Over 1000 TnphoA mutants in the S. Hadar 18 Nal R strain have been generated by transposon mutagenesis as described previously [16] . Brie£y, plasmid pRT733 containing TnphoA was transferred from E. coli SM 10 into S. Hadar 18 Nal R by conjugation on a LB plate surface. Transconjugants were selected on LB agar containing 25 Wg sodium nalidixate ml 31 and 45 Wg kanamycin sulfate ml 31 . Resistant colonies were checked for ampicillin sensitivity indicating loss of plasmid. Loss of the ability of the mutants to suppress growth of the S. Hadar 18 Spc R parent strain was tested in 96-well microplates. A metal template matching exactly the wells of the microplate was used for inoculation of both the mutants and the challenge strain. The non-inhibitory phenotype of mutants, selected during the initial microplate format screening, was con¢rmed individually in tubes. In the mutants selected, the number of copies of the TnphoA was determined by Southern hybridization using a PCR-derived probe speci¢c to the TnphoA sequences [1] . The site of TnphoA insertion was identi¢ed by inverse PCR as described [3] . Inverse PCR products were puri¢ed from 1.5% agarose gels using the Qiagen Gel Extraction kit (Qiagen Inc., Germany) and sequenced using an ABI Prism 373 DNA Sequencer and the Ready Reaction DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems Inc., USA). The sequences so obtained were BLAST analyzed at http://www. ncbi.nlm.nih.gov.
In vivo colonization suppression
Speci¢c pathogen-free, 1-day-old, male Ross chicks, supplied from the Ba ¤bolna hatchery (Hungary, Ba ¤bolna) were housed in plastic boxes in groups of 10. In the experimental groups, the birds were inoculated orally on the day of arrival with 0.2 ml of the stationary-phase S. Hadar 18 Nal R or the selected mutants containing 2^5U10 8 CFU bacteria. One day later, the chicks were challenged with approx. 1 U10 5^1 U10 6 CFU of Spc R challenge strains. Control chicks were inoculated with the challenge strains only. Five days after the challenge, chicks from each group were killed humanely and 0.2 g of the cecal contents of each bird was removed and resuspended in RappaportV assiliadis broth in a ratio of 1:10. From the cecal contents of the experimental and challenge control groups decimal dilutions were made and 10 Wl volumes of each dilution were plated onto both Brilliant green and Bromothymol blue^Lactose agar plates containing spectinomycin (50 Wg ml 31 ) that allowed quantitative assessment of the Numbers in the table show log 10 di¡erence in the count of the nalidixic acid-resistant minority cultures immediately post inoculation into stationaryphase cultures of the nalidixic acid-sensitive majority strains and 24 h later. An increase in the log 10 of counts of the minority strain greater than 1 was considered as lack of growth suppression of the majority strain (in bold). SH, S. Hadar; STM, S. Typhimurium; SE, S. Enteritidis; SV, S. Virchow ; SS, S. Saintpaul; Spc, spectinomycin.
viable number of the challenge bacteria. Each in vivo experiment was repeated at least twice, and mean values calculated from both experiments are presented.
Results
In vitro growth suppression
We initially tested the intra-serovar inhibition of 20 S. Hadar strains grown anaerobically. All showed very profound intra-serovar suppression. Changes in log 10 viable count of their Nal R derivatives after 24 h varied between 30.14 and +0.31 with a mean of x = +0.0045. As there was essentially no di¡erence between the intra-serovar suppression values of all the tested strains, four strains that represented di¡erent phage types were randomly selected for further inter-serovar suppression studies. These were tested anaerobically against each other and against four di¡erent serovars selected to represent the most frequent serovars. The results are presented in Table 2 . Unlike previous observations with S. Enteritidis [17] and in contrast to the concomitantly examined S. Typhimurium and S. Enteritidis strains, S. Hadar strains, independently of their phage type, suppressed the growth of most of the challenge strains. The only exception was that S. Hadar 425 was unable to suppress the growth of S. Saintpaul.
In vivo growth inhibition
As three out of the four S. Hadar strains tested in interserovar assay were equally suppressive, S. Hadar 18 was selected for the in vivo growth suppression assay. For S. Typhimurium, Barrow et al. [15] showed that both the nalidixic acid-and the spectinomycin-resistant mutants were as virulent as their antibiotic-sensitive parent strains [18] . We have also carried out preliminary experiments to test the virulence of Nal R and Spc R derivatives of S. Hadar 18. We found that they were as virulent for chickens as their parental strain (unpublished observations). Using the S. Hadar 18 Nal R for preinoculation, its suppression capacity was tested by challenging the chicken with indicator strains of di¡erent Salmonella serotypes and which were resistant to spectinomycin. The results summarized in Table 3 show that whilst all the challenge control birds infected with a single dose of spectinomycin-resistant S. Hadar 18, S. Typhimurium, S. Enteritidis, S. Virchow or S. Saintpaul strain became colonized by the respective Salmonella 5 days post infection (log 10 of CFU g 31 of cecal content varied between 7.1 and 8.93), we never reisolated any of the challenge Salmonella strains from the experimental birds which were precolonized with S. Hadar 18 Nal R 1 day earlier. This indicates that infection of 1-day-old chicks with S. Hadar 18 excluded superinfection of the same chick with any of the tested challenge strains, regardless of the serovar to which they belonged. anaerobic aerobic Fig. 1 . In vitro suppression of S. Hadar 18 and its isogenic mutants in stationary-phase cultures under anaerobic and aerobic conditions. Stationary-phase cultures of aroD, dapF, tatA or sgaT mutants were unable to suppress the multiplication of the minority S. Hadar 18 Spc R strain inoculated to reach an initial concentration 10 4 CFU ml 31 . Y axis, log 10 di¡erence in counts of the minority strain immediately post inoculation and 24 h later. Dotted columns, increase in counts of the minority strain inoculated into the aroD mutant culture; vertically lined columns, increase in counts of the minority strain inoculated into the dapF mutant culture; cross-lined columns, increase in counts of the minority strain inoculated into the tatA mutant culture ; horizontally lined columns, increase in counts of the minority strain inoculated into the sgaT mutant culture; black columns, increase in counts of the minority strain inoculated into the S. Hadar 18 Nal R parental strain culture (control experiment).
Identi¢cation of genes involved in S. Hadar growth suppression
To identify genes involved in growth suppression of S. Hadar, approximately 1000 TnphoA mutants were generated and screened. Four mutants which showed the GNS phenotype in three repeated experiments were identi¢ed. All the mutants contained a single copy of the transposon (results not shown). The inverse PCR method was used to determine the location of the TnphoA insertion. The four genes identi¢ed as associated with growth suppression in vitro under strict anaerobiosis in S. Hadar were dapF, sgaT, aroD, and tatA (also described as mtt). dapF encodes one of the enzymes involved in the biosynthesis of diaminopimelic acid (DAP), an essential component of the bacterial cell wall. sgaT encodes a putative intermembrane protein of poorly de¢ned function. aroD encodes the enzyme 3-dehydroquinate dehydratase involved in aromatic amino acid biosynthesis. tatA encodes a member of the Sec-independent transport system. Typical substrates for the Tat transport system are proteins essential for anaerobic respiration.
Although the whole screening was done under strict anaerobiosis, the selected mutants were also tested under aerobic conditions under which they were also shown to be GNS (Fig. 1) .
When these mutants were tested in vivo using the parent S. Hadar 18 Spc R strain for challenge, only the dapF mutant retained the GNS phenotype while the other three mutants behaved like the wild-type strain and prevented colonization by the challenge strain (Table 4 ).
Discussion
The competitive behavior of bacterial populations even within the same genera is poorly understood. It is not clear, for example, why in the early 1990s S. Enteritidis became the predominant serovar of S. enterica in Europe and why strains of phage type PT4 are the most frequently found in Europe. It has been proposed that because of microbial competition, S. Enteritidis has replaced S. Gallinarum [19] . However, that is unlikely to be related directly to the competition described here which requires high bacterial densities to be present in the gut. Although well studied, the basis of this mechanism of competition is also not understood. During initial studies on the genetic basis of microbial competition in stationary-phase cultures of Salmonella and E. coli, no unifying metabolic system has been identi¢ed. Neither the rpoS regulon [15] , nor any mechanisms eventually related to quorum sensing appear to be involved [1] . It seems more likely that all the observed genotypes responsible for either GNS or GASP phenotypes belong to di¡erent metabolic pathways dealing primarily with nutrient uptake and utilization, the di¡er-ential behavior in di¡erent strains accounting for the outcome of the competition. This is also supported by the observation that the closer the phylogenetic relationship of the majority and the challenge strains, the more e⁄cient is the growth suppression between their populations [18] . Consistent with such observation of genus or even clone speci¢city of the growth inhibition were our results on growth inhibition between S. Hadar strains belonging to di¡erent phage types. However, unlike previous observations with S. Enteritidis in vitro [18] , and S. Typhimurium in vivo [20] , three out of four selected S. Hadar strains were capable of growth suppression of strains belonging to several other serotypes. Interestingly, this phenotype was expressed both in vitro in stationary-phase cultures and in vivo in the chicken infection model. Such behavior was not observed earlier among S. Enteritidis strains [18] . This may be related to the characteristic of S. Hadar which e⁄ciently colonizes chicken intestine for prolonged periods [12] as do some other serovars, such as S. Infantis, which was also found to have a wide spectrum of inhibitory activity [20] . Four genes were identi¢ed which, when inactivated, eliminated the ability of stationary-phase cultures of the mutants to suppress the growth of the challenge wild-type strain. Although transposon insertions can cause polar e¡ects, all the identi¢ed genes were present either alone or in operons that code for enzymes belonging to the same enzymatic pathway.
The inability to synthesize DapF and DAP causes lysis of the bacterium in an environment free from DAP such as the intestine of the host organism. Although dapF mutants are viable even in the absence of meso-DAP, it seems quite probable that they have growth defects. Di⁄culties with multiplication in the host may explain why the dapF mutant was unable to suppress the multiplication of the parent strain after infection of chicks.
The remaining three mutants were identi¢ed as being defective in nutrient uptake (sgaT), or in respiration (aroA and tatA). Standard protein BLAST comparisons showed that SgaT had low homologies to some of the proteins belonging to PTS systems. Immediately downstream from the sgaT, genes encoding proteins homolo- gous to a sugar transport system can be found. The same genomic organization of sgaT can be found in E. coli, S. Typhi, and S. Typhimurium. If the transport of particular sugars under anaerobic condition is impaired, these may remain in the environment and can be used for growth by the challenge strain, leading to impaired growth suppression of the sgaT mutant. It has been shown that aroA mutants are defective in synthesis of mena-and ubiquinones [21] . We have previously suggested that such a defect may have consequences for respiration and the reduced ability of such a mutant to utilize all nutrients available in the environment [1] . Typical substrates for the Tat transport system are proteins that bind cofactors in the cytoplasm and have to be transported with an already complex tertiary structure. Interestingly, these include proteins essential for anaerobic respiration such as trimethylamine N-oxide (TMAO), nitrate (NapA), dimethylsulfoxide (DmsABC) or fumarate reductases in E. coli [22^24]. Consistent with this are the results of biochemical characterization of the tatA mutant, which showed no reaction in tetrathionate reductase activity. Although tetrathionate reductase does not contain the typical twin arginine motif recognized by the Tat transport system, it binds complex cofactors and its activity is dependent on Tat [25] . Defects in respiration have been shown to be typical for GNS phenotypes in S. Typhimurium or E. coli under aerobic conditions where inactivation of genes like nuoG, aroA, aroD, cydA, atpH, arcA or fnr has been identi¢ed previously as being associated with this phenotype [1^3,16] .
In this study we have shown that S. Hadar has a wide spectrum of growth suppressive activity in vitro, and colonization suppression in vivo. Although most of the genes a¡ecting S. Hadar growth suppression in vitro are di¡er-ent from those identi¢ed so far in S. Typhimurium or E. coli, they belong to the same category of metabolic pathways, i.e. respiration and nutrient uptake. Furthermore, all the genes identi¢ed as causing GNS phenotypes in S. Hadar are also present in the genome of S. Typhimurium, S. Typhi and in E. coli, and are organized in the same operon structures. However, unlike S. Typhimurium, in which the inactivation of most of the genes associated with the GNS phenotype in vitro leads to the same phenotype in vivo, in S. Hadar the situation is di¡erent. Therefore S. Hadar must possess other mechanisms di¡er-ent from those described so far, which makes it better adapted to the chicken intestine environment and which allows it to be highly competitive microbiologically.
